Both positive and negative selection of immature T cells rely on engagement of their antigen-specific receptors (TCR) by peptide in association with proteins encoded in the major histocompatibility complex (MHC) protein. The decision made between these two outcomes seems to be determined by the number of TCR engaged by peptide-MHC complexes. It has been unclear how such a mechanism can be reconciled with evidence that positive and negative selection occur in different thymic compartments and are mediated by different antigen-presenting cells (APCs). In this study we demonstrate that the level of class I MHC protein is 10-fold higher on thymic dendritic cells, which mediate the negative selection of immature T cells, than on thymic epithelial cells, which mediate for positive selection. We also demonstrate that as little as a 3-fold increase in the level of a particular cognate peptide-MHC ligand is sufficient to result in negative rather than positive selection. The results suggest that quantitative differences in the level of expression of class I MHC proteins on thymic epithelial and dendritic cells contribute to the opposing roles these cells play in forming the repertoire of mature class I MHC restricted (CD8 ؉ ) T cells.
Studies of T cell development indicate that T cell maturation in the thymus is largely driven by the extent to which antigenspecific receptors (T cell receptors or TCR) on immature thymocytes are engaged by peptide-major histocompatibility complex (MHC) complexes on thymic antigen-presenting cells (APCs; ref. 1) . When TCR interact with complexes that are present at relatively low levels, the corresponding thymocytes are stimulated to proceed along the maturation pathway (positive selection); if, however, the complexes are relatively abundant the thymocytes undergo cell death (negative selection). The thymic APCs also have been the subject of many studies. Most reports indicate that positive selection is promoted by thymic epithelial cells whereas negative selection is mediated largely by hemopoietic dendritic cells (DC; ref. 2) . Studies of thymocyte maturation in the absence of thymic DC indicate that some T cells can be positively selected by the thymic epithelial cells even when they would otherwise be negatively selected by DC (3) . In an attempt to understand the basis for the different outcomes mediated by thymic epithelial and dendritic cells, we used reaggregated thymic organ cultures to investigate cellular requirements for the selection of T cells that express the antigen-specific receptor (TCR) of the CD8 ϩ CTL clone known as 2C.
The 2C clone was generated from an H-2 b mouse (Balb.B) that had been immunized with H-2 d -bearing cells (4) . It recognizes the allogeneic class I protein L d in association with a naturally processed peptide, LSPFPFDL (p2Ca; ref. 5) . The class I protein K b has been identified as the positively selecting restriction element (6) , and the 2C CTL line was also found to recognize the p2Ca peptide in association with K b , albeit weakly (7, 8) . More recently another naturally processed peptide, EQYKFYSV (dEV8), that can be recognized weakly in association with K b by the 2C TCR has been identified (9) .
In this study we followed the transition of double-positive (CD4 ϩ , CD8 -bearing dendritic cells are absent. Second, we have identified a remarkably small range (3-fold or less) of cell surface peptide-MHC (epitope) densities on thymic epithelial cells that define the ''epitope density threshold'' amount of ligand above which thymocytes are negatively selected and below which they are positively selected. Finally, we found a 10-fold higher expression of class I MHC on thymic dendritic cells than on thymic epithelial cells and propose that this difference contributes to the disparate roles these cells play in thymocyte selection.
Mingen). Thymocyte and lymphocyte suspensions were prepared from cultured lobes or dissected tissue and analyzed as described previously (10, 11) .
Cell Isolation and Reaggregated Thymic Organ Culture (RTOC). RTOC experiments were performed as described previously (12) . TAP1 Ϫ͞Ϫ , B6, and DBA͞2 thymic epithelial cells (MHC haplotype H-2 b , H-2   b   , and H-2   d , accordingly) were prepared by disaggregating deoxyguanosine (dGuo, Sigma)-treated fetal thymic lobes using 0.05% trypsin (GIBCO), 0.02% EDTA in Ca 2ϩ , and Mg 2ϩ -free Hanks' balanced salt solution (GIBCO). The resulting cells were analyzed with anti-I-A, anti-Mac-1 (macrophage specific), anti-CD11c (dendritic cell specific), anti-thymic epithelium (TE), and anti-Thy-1.2 antibodies. They were found to be approximately 80% I-A ϩ , 80% TE ϩ , 5% Mac-1 ϩ , 10% Thy-1.2 ϩ , and less than 1% CD11c ϩ , and are referred to as thymic epithelial cells (TEC).
ϩ thymocytes were obtained by gently grinding freshly isolated newborn 2C transgenic TAP1 Ϫ͞Ϫ thymus lobes. The resulting suspensions were enriched for double-positive 2C cells with biotinylated anti-CD4 antibody coupled to streptavidin-bound magnetic microbeads (Miltenyi Biotec, Auburn, CA); their purity, checked by fluorescence-activated cell sorter (FACS) analysis, was usually more than 95%. Reaggregates were formed by mixing together the desired epithelial cells and double-positive thymocytes (at a ratio of 1:2). After pelleting the cell mixture by gentle centrifugation and removing the supernatant, the pellet was dispersed into a slurry, drawn into a fine glass pipette, and placed as a standing drop on the surface of a nucleopore filter suspended over complete medium (RPMI 1640 medium supplemented with 10% fetal calf serum) with or without added peptide. Cultures were incubated for 3 days at 37°.
Thymus-and spleen-derived dendritic cells were purified from B6 and DBA͞2 tissues as described previously (13) . Purity was checked by staining with anti-CD11c, anti-I-A b , and anti-I-A d antibodies and analyzing by FACS. Splenic preparations typically were 90% dendritic cells, whereas thymic preparations usually were 70% dendritic cells, the primary contaminants being T cells.
Thymectomized, Irradiated, and Bone Marrow-Reconstituted (TIR) Mice and Thymus Transplants. B6 mice were thymectomized as described previously (14) . They were then lethally irradiated (1,100 rad) and reconstituted with 2C transgenic TAP1 Ϫ͞Ϫ bone marrow as described (15) . In brief, bone marrow cells were isolated by flushing the tibia and femur of adult mice with ice-cold PBS. After subjecting the cells to two rounds of complement lysis using anti-CD4, anti-CD8, and anti-Thy1 antibodies and rabbit complement, approximately 5 ϫ 10 6 cells in 0.5 ml PBS were injected intravenously into the TIR mice. Thymic transplants were performed by placing two or three dGuo-treated fetal thymic lobes under the left kidney capsule of these TIR animals as described previously (16 (17) , and a monoclonal anti-L d antibody, 30-5-7 (18) , respectively. We used bivalent antibody molecules, whose apparent affinity for the multivalent antigenic determinants on a cell surface is higher than the intrinsic affinity of monovalent Fab fragments (19) , to overcome problems of sensitivity and background. We determined apparent equilibrium-binding constants (K a The concentration of specifically bound 125 I-antibody was determined as the difference between cell-bound radiolabeled antibody in the presence and absence of a 100-fold molar excess of unlabeled antibody. The binding data were analyzed according to Klotz (20) . The concentration of specifically bound antibody (B) was plotted as a function of the logarithm of the unbound (free) concentration (F), and experimental points were fitted to the equation:
where B max is the concentration of class I bound antibody at saturation, i.e., as F approaches infinity. Values of B max and K a were derived from the best fit. The K a values were found to be 3 ϫ 10 The fractional occupancy (␣) of class I for any given free antibody concentration was determined from:
From the specific radioactivity of the radioiodinated antibodies and the number of cells in the analyzed samples we determined the number (N f ) of antibody molecules specifically bound to class I MHC molecules per cell at a given free antibody concentration (F). The maximal number of class I MHC bound antibody molecules per cell was taken to be N f ͞␣ and is reported as a measure of the total number of class I molecules per cell (Table 1) ; the actual number of the corresponding MHC molecules per cell lies between N f ͞␣ and twice this value.
To measure the number of peptide-K b complexes formed on thymic epithelial cells at positively and negatively selecting peptide concentrations, cells from TAP1 Ϫ͞Ϫ thymi were incubated for 2 hours at 37°in complete medium with or without peptide followed by analysis with 125 I-Y3 as described (Table  2) . Differences in the Level of Expression of Class I MHC Proteins on Thymic Epithelial and Dendritic Cells. Many endogenous peptides are likely to be generated at the same levels in different cells (21) , and it is conceivable that differential expression of MHC, and therefore of cell-surface densities of peptide-MHC complexes, may be responsible for the opposing roles that epithelial and dendritic cells play in positive and negative selection, respectively. Dendritic cells are well known to express MHC proteins at high levels (3). However, a direct quantitative comparison of MHC expression on thymic epithelial and dendritic cells has not been reported. Using Table 1) . We also examined the number of K b MHC molecules on splenic dendritic cells and found that these cells express class I MHC proteins at an intermediate level (Table 1) , which is consistent with previous observations made with flow cytometry (13) .
RESULTS
Peptide-Induced Class I MHC Expression Required for Positive and Negative Selection. Both positive and negative selection of 2C thymocytes can be achieved with the addition of appropriate amounts of peptide ligand. Fig. 4 shows FACS analyses of RTOCs in which optimal positive and negative selection of 2C cells occurred at 10 and 100 nM of SIYRYYGL peptide (22) , respectively, whereas no selection occurred with- 
FIG. 2. Allogeneic dendritic cells mediate deletion of 2C cells in RTOC.
Reaggregate thymic organ cultures consisting of dGuo-treated epithelial cells from H-2b TAP1 Ϫ͞Ϫ , H-2b TAP1 ϩ͞ϩ , or H-2d TAP1 ϩ͞ϩ mice, and 2C ϩ CD4 ϩ CD8 ϩ thymocytes, with or without the addition of H-2d TAP1 ϩ͞ϩ spleen-derived dendritic cells, were cultured and analyzed as before. Where indicated, the equivalent of 1.5 ϫ 104 dendritic cells per lobe was added to equal 5% of the total epithelial cell number. The total mean number of thymocytes recovered from each lobe (n ϭ 4) in Fig. 2 reading from left to right was (ϫ10 Ϫ3 ) 9.0, 10.9, 10.1, 9.4, 2.3, and 4.5, respectively. Error bars indicate the SE in each category.
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Proc. Natl. Acad. Sci. USA 95 (1998) out added peptide or with an irrelevant peptide (data not shown). The concentrations were determined from several peptide titration experiments. Peptide concentrations were considered to be optimal for positive selection at the dose at which the most CD8 ϩ 2C T cells developed and optimal for negative selection at the lowest dose that eliminated nearly all double-positive cells and resulted in near-background levels of CD8 ϩ 2C T cells. Two other peptides also were found to elicit positive and negative in RTOC although at very different concentrations. The peptide p2Ca (LSPFPFDL) could positively and negatively select at 30 and 500 M, respectively, whereas dEV8 (EQYKFYSV) did so at 100 and 3,000 M (data not shown). We compared the levels of peptidestabilized K b on purified thymic epithelium at these concentrations by using 125 I-labeled antibody specific for K b . The increase in the number of peptide-stabilized K b complexes from positively to negatively selecting concentrations of peptide was only 3-fold for p2Ca and even less for dEV8 (Table 2) . We could not reliably detect SIYRYYGL-induced K b expression above the background level with the peptide at a total concentration of either 10 or 100nM (Table 2) . Thus, as little as a 3-fold difference in the density of a particular peptide-MHC ligand on the APC surface can determine whether a cell is positively or negatively selected.
DISCUSSION
Studies of thymocyte development have shown that the fate of double-positive thymocytes can be altered in peptide transport-deficient thymic organ cultures by varying concentrations of peptide, which presumably stabilize proportional amounts of MHC proteins on thymic APCs (1). At relatively low concentrations peptides promote positive selection and at high concentrations they lead to negative selection. These effects can be accounted for by an ''avidity'' model, which assumes that the cell's fate is determined by the extent to which its TCR are engaged by peptide-MHC complexes in the thymic environment (1). This view stresses the importance of the affinity of the developing cell's TCR for peptide-MHC complexes and the abundance of these complexes in the thymic environment. At first glance, it does not account for the finding that different types of APC have divergent effects on thymocytes; i.e., thymic epithelial cells mediate positive selection and dendritic cells mediate negative selection (3) . Indeed, thymic epitheliumbearing H-2 L d , an alloreactive restriction element for the 2C TCR, will positively select 2C thymocytes, whereas H-2 L dbearing dendritic cells will induce negative selection both in vitro and in vivo (Figs. 1-3) . The disparate effects of epithelial and dendritic cells have been attributed to differences in various cell surface molecules involved in cell-cell interactions, such as LFA-1͞ICAM-1 (23-25), CD28͞B7.1 (26, 27) , CD40͞gp39 (28, 29) , Fas͞FasL (30), and CD30͞CD30L (31) . Experiments with knockout mice and specific inhibitors have suggested a role for these molecules in thymic selection, but also revealed that they are not always absolutely necessary (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) .
The most important finding in this study is that the cellsurface level of class I MHC molecules on dendritic cells is approximately 10-fold higher than on epithelial cells (Table 1) . Taken in conjunction with the avidity model, this finding could account for the different roles of these APC in shaping the TCR repertoire of newly developed single-positive CD8 ϩ T cells. Thus, if the pool of peptides produced in these APC was similar, those with the higher total MHC level would be expected to have a correspondingly higher level of any particular peptide-MHC complex and to be more likely to elicit negative selection than APC with lower levels. The MHC class I level on thymic dendritic cells is not only higher than that on thymic epithelial cells, but also higher than that on splenic dendritic cells (Table 1) . It is conceivable that the very high MHC class I expression in the thymus increases the likelihood that potentially autoreactive immature T cells are eliminated by negative selection in the thymus. There are other precedents for the natural exploitation of differential MHC expression. The down-regulation of MHC levels by a variety of mechanisms helps many cancer cells and virus-infected cells to escape destruction by cytotoxic T cells (33) (34) (35) . Large differences in (36) . Although thymic dendritic cells are largely responsible for negative selection, it is important to note that negative selection can occur in their absence (2) . Thus, using thymic cell preparations consisting essentially of just double-positive thymocytes and epithelial cells, we observed both positive and negative selection, depending on the concentration of added peptide. With this simplified system, we were able to examine closely the effects of small changes in the abundance of peptide-K (Table 2 ) may be compared with an earlier estimate of about 100-200 p2Ca peptide molecules per mouse thymus cell (5) . The former value (700 complexes) is probably an overestimate (because it is based on incubation of cells with peptide for 2 hr whereas the RTOC assays were carried out over 3 days, during which time peptide concentrations drop, perhaps because of proteases in the culture medium), and the latter value (100-200 peptide molecules) was probably too low, because it did not take into account losses incurred during peptide isolation. It is thus possible that the p2Ca peptide normally exists in the thymus at a level where it contributes to positive selection under natural conditions. The natural abundance of the dEV8 peptide has not been estimated (9) , but it is doubtful that it is anywhere near the levels needed to approach the epitope density values shown in Table 2 . Surprisingly, the difference between an epitope level that led to optimal positive selection and one that led to near-total negative selection was only 3-fold in the case of the peptide p2Ca and even less for the peptide dEV8. These remarkably small differences suggest that we have defined for each of these peptides a narrow epitope density zone, below which thymocytes are stimulated to make the transition from doublepositive to single-positive cells and above which they are triggered to undergo cell death. If we consider the midpoint between positively and negatively selecting values for a given peptide as a ''threshold'' value for the corresponding peptide-K b complex, we see that the threshold is about 1,500 complexes per cell for the p2Ca peptide and around 16,000 complexes per cell for the dEV8 peptide. For the SIYRYYGL peptide, the epitope density threshold could not be defined because the concentrations used to elicit positive and negative selection were too low. It is apparent, nevertheless, that in terms of required peptide concentrations, the order of effectiveness was SIYRYYGL Ͼ p2Ca Ͼ dEV8. This order matches the efficacy of these peptides in cytolytic assays (Y.S. and H.E., unpublished data).
For the SIYRYYGL and p2Ca peptides the differences are in accord with the large differences in the affinity of the 2C TCR for these peptide-MHC complexes. Measured on intact CD8 , as determined by surface plasma resonance using immobilized 2C TCR and soluble dEV8-K b complexes (37) . Equilibrium constants measured by the two methods so far have differed considerably, being 10-to 300-fold higher on intact cells (presumably because of the contribution of CD8 coreceptors, which are absent in the cell-free system). Thus, the affinity of the 2C TCR on intact cells is likely to be much greater for dEV8-K b than for p2Ca-K b . Given this difference, it is notable that dEV8-K b is far less effective than p2Ca-K b in promoting the maturation of 2C thymocytes. A possible explanation is suggested by the relative instability of the complex formed by the 2C TCR with dEV8-K b (37) . If the corresponding TCR bond with p2Ca-K b were more stable, the disparity between the epitope density thresholds for p2Ca-K b and dEV8K b might be accounted for. Alternatively, the explanation may be structural rather than kinetic: it is possible that different conformations of the TCR, resulting from ligation with different peptide-MHC ligands, could have confounding effects that are responsible for the dEV8͞p2Ca disparity. 
